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Abstract
In this paper, we adopt the relay selection (RS) protocol proposed by Bletsas, Khisti, Reed and Lippman (2006)
with Enhanced Dynamic Decode-and-Forward (EDDF) and network coding (NC) system in a two-hop two-way
multi-relay network. All nodes are single-input single-output (SISO) and half-duplex, i.e., they cannot transmit and
receive data simultaneously. The outage probability is analyzed and we show comparisons of outage probability with
various scenarios under Rayleigh fading channel. Our results show that the relay selection with EDDF and network
coding (RS-EDDF&NC) scheme has the best performance in the sense of outage probability upon the considered
decode-and-forward (DF) relaying if there exist sufficiently relays. In addition, the performance loss is large if we
select a relay at random. This shows the importance of relay selection strategies.
Index Terms
Enhanced dynamic decode-and-forward (EDDF), network coding (NC), relay selection (RS), two-way relay
channels.
I. INTRODUCTION
In recent years, cooperative communications have attracted considerable interests and studies in communications.
In cooperative communication networks, relay terminals share their antennas and other resources to create a virtual
array through distributed transmission and signal processing to against the fading arising from multipath propagation
in wireless communications. Thus, cooperative communication systems can be viewed as virtual multi-input multi-
output (MIMO) systems and provide a space diversity. This form of space diversity is called cooperative diversity (cf.,
user cooperation diversity of [1]). Hence, the diversity-multiplexing tradeoff (DMT) [2] framework can be adopted to
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2the cooperative communication systems for further perspective. Many well-known half-duplex cooperative protocols
with single relay have been identified in the literature such as amplify-and-forward (AF), decode-and-forward (DF),
selection DF (SDF), incremental AF (IAF) [3], distributed space-time coding (DSTC) [4], nonorthogonal AF (NAF),
dynamic DF (DDF) [5], enhanced static DF (ESDF), enhanced DDF (EDDF) [6] and cooperative network coding
(CNC) [7]. Moreover, the cooperative communications can extend many advanced topics such as beamforming [8],
opportunistic relaying [9], cooperative relaying in orthogonal frequency-division multiplexing (OFDM) [10] and
MIMO [11] systems. There are still many areas to be explored in cooperative communications.
In multi-relay cooperative communication systems, relays are usually assumed to transmit over orthogonal
channels in order to avoid the interference. These orthogonal cooperation schemes result in low bandwidth efficiency
as the number of relays increase. To overcome this problem, there are various cooperative communications schemes
which have been developed such as beamforming, opportunistic relaying and DSTC.
A. Related Work
In [9], the authors proposed an opportunistic relaying protocol in which relays overhear the request-to-send (RTS)
and clear-to-send (CTS) packets exchanged between the source and the destination before the data transmission.
Then the optimal relay is selected by the selection criterion according to the quality of source-relay and relay-
destination links. This protocol can be easily implemented in a decentralized way. It was proved that with the same
intermediate relays, the DF based on this protocol achieves the same DMT of the DSTC scheme in [4]. In [12],
the authors further considered reactive and proactive relay selection schemes. The authors proved that both reactive
and proactive opportunistic DF relaying are outage-optimal. Moreover, the proactive strategy is much efficient since
it can be viewed as energy-efficient routing in the network and reduces the overhead of the system. In [13], the
authors proposed two schemes: single relay selection with network coding (S-RS-NC) and dual relay selection with
network coding (D-RS-NC), and show that the D-RS-NC scheme outperforms other considered RS schemes in
two-way relay channels. More related studies about relay selection are listed in [14]–[15].
B. Goal
In our research, we would like to construct the system model of EDDF scheme and network coding based on the
relay selection criterion of [9] in a two-hop two-way multi-relay network, which is named RS-EDDF&NC. We then
analyze the outage probability of the system model and give numerical results of outage probability with various
scenarios under Rayleigh fading channel.
C. Paper Outline
The rest of this paper is organized as follows. Section II gives the system model of relay selection with DDF and
network coding, which is named RS-DDF&NC. We also derive the outage probability of the RS-DDF&NC system.
In section III, we show the system model and analyze the outage probability of the RS-EDDF&NC scheme. In
section IV, we give numerical results of outage probability with various scenarios under Rayleigh fading channel.
Conclusions are given in section V.
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3II. RELAY SELECTION WITH DYNAMIC DECODE-AND-FORWARD AND NETWORK CODING SYSTEM
A. System Model
To construct our system model, we utilize a baseband-equivalent, discrete-time channel model. For any two nodes
X and Y , we denote the channel coefficient from node X to node Y as hX,Y , where hX,Y ’s are independent and
identically distributed (i.i.d.) random variables.
Given the transmitted signal xk[n], assuming that E{|xk[n]|2} = P for all n, where k ∈ {a1, b1, c1}, c1 = a1⊕b1.
We denote a1 and b1 as information bit streams of user A and user B, respectively. The subscript ‘1’ denotes that
the information bit stream was encoded by using codebook 1.
Noise at each receiver is assumed to be i.i.d. circularly symmetric complex Gaussian random variables CN(0, N0).
We denote the noise at the node X during the nth symbol interval as wX [n]. We will first list some main assumptions
then describe each phase of the system model for detail in the following subsections.
B. Assumptions
The main assumptions are as follows:
1) We consider a two-hop two-way relay network that consists of L relays.
2) All nodes are single-input single-output (SISO) and half-duplex.
3) Codewords transmitted from user A and user B both have the same frame duration of J symbol intervals.
4) The codeword transmitted by the source is of the incremental redundancy type in which it can be decoded
by observing just one or a few of its segments.
5) We assume all the channel coefficients remain constant during the whole cooperative transmission intervals.
The forward and backward channels between two nodes X and Y are the same during the whole cooperative
transmission due to the reciprocity theorem [16], i.e., hX,Y = hY,X .
6) Channel state information (CSI) is not available at the source (user A and user B).
7) CSI between the source to relay l and relay l to the destination is available at each relay l, l = 1, 2, ..., L.
8) We assume the use of random Gaussian codebooks, and the length of the codeword is sufficiently long.
9) For relay selection, we assume all relays are hidden from each other and we ignore losses, delays and collisions
of relays’ flag packets [9] and destination’s notification packet.
C. Phase 1 and Phase 2 of RS-DDF&NC
The phase 1 and phase 2 of the RS-DDF&NC are shown in Fig. 1. Before the data transmission, the optimal
relay l∗ was selected according to the relay selection criterion given by [9]
l∗ = argmax
l∈Srelay
ql, (1)
where
ql = min{|hA,l|
2, |hl,B|
2} ∀ l ∈ Srelay, (2)
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Fig. 1. Illustration of phase 1 and phase 2 for the RS-DDF&NC scheme.
and Srelay = {1, 2, ..., L}. Other relays then enter an idle mode so that they do not process the signal from the
source. In phase 1, the source (user A) transmits xa1 [n] to the destination (user B), and only the best relay l∗
receives this signal and try to decode it. The received signals at the destination (user B) and the relay l∗ during the
nth symbol interval are expressed as
yB[n] = hA,Bxa1 [n] + wB[n] (3)
and
yl∗ [n] = hA,l∗xa1 [n] + wl∗ [n], (4)
respectively, for 0 < n ≤ J ′A,l∗ , where J ′A,l∗ is defined as
J ′A,l∗ , min
{
J,
⌈
JR
log2(1 + ρA,l∗ |hA,l∗ |
2)
⌉}
, (5)
where R (bps/Hz) is the spectrum efficiency and ρA,l∗ is the SNR of the link between user A and relay l∗.
In phase 2, relay l∗ re-encodes the message by using the same codebook if the outage did not occur. Relay l∗
then cooperatively transmits the corresponding part of the codeword to the destination (user B) in the remaining
intervals. The received signals at the destination (user B) in this phase can be expressed as
yB[n] = hA,Bxa1 [n] + hl∗,Bxa1 [n] + wB[n], for J ′A,l∗ < n ≤ J. (6)
D. Phase 3 and Phase 4 of RS-DDF&NC
The phase 3 and phase 4 of the RS-DDF&NC are shown in Fig. 2. Similar to phase 1 and phase 2, the source
(user B) transmits xb1 [n] to the destination (user A), and only the best relay l∗ receives this signal. The received
signals at the destination (user A) and the relay l∗ during the nth symbol interval are denoted by yA[n] and yl∗ [n],
respectively, expressed as
yA[n] = hB,Axb1 [n] + wA[n] (7)
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Fig. 2. Illustration of phase 3 and phase 4 for the RS-DDF&NC scheme.
and
yl∗ [n] = hB,l∗xb1 [n] + wl∗ [n], (8)
for J < n ≤ J + J ′B,l∗ , where J ′B,l∗ is defined as
J ′B,l∗ , min
{
J,
⌈
JR
log2(1 + ρB,l∗ |hB,l∗ |
2)
⌉}
, (9)
where ρB,l∗ is the SNR of the link between user B and relay l∗.
In phase 4, relay l∗ re-encodes the message by using the same codebook if the outage did not occur. Relay l∗
then cooperatively transmits the corresponding part of the codeword to the destination (user A) in the remaining
intervals. The received signals at the destination (user A) in this phase can be expressed as
yA[n] = hB,Axb1 [n] + hl∗,Axb1 [n] + wA[n], for J + J ′B,l∗ < n ≤ 2J. (10)
E. Phase 5 of RS-DDF&NC
In phase 5, relay l∗ performs exclusive-or (XOR) on the two decoded messages from user A and user B and
re-encodes it by using codebook 1. Relay l∗ then transmits this signal, denoted as xc1 [n], to both user A and user
B. The received signals at user A and user B can be expressed as
yA[n] = hl∗,Axc1 [n] + wA[n] (11)
and
yB[n] = hl∗,Bxc1 [n] + wB[n], (12)
respectively, for 2J < n ≤ 3J . The system model of phase 5 is shown in Fig. 3.
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Fig. 3. Illustration of phase 5 for the RS-DDF&NC scheme.
F. Outage Probability of RS-DDF&NC
In formulating the outage events, we define the effective SNR as
ρ ,
P
N0
. (13)
First, let us consider the outage event for user A. If outage events both occur on the link between user B and user
A and the link between relay l∗ and user A, then user A will fail to decode the information of user B. Thus, we
can express the outage event for user A as
ODDF&NCA = O
DDF&NC
B,A ∩O
DDF&NC
l∗,A . (14)
Similarly, in the case for user B, user B fails to decode information of user A without error when outage events
both occur on the link between user A and user B and the link between relay l∗ and user B. We express the outage
event for user B as
ODDF&NCB = O
DDF&NC
A,B ∩O
DDF&NC
l∗,B . (15)
Next, we analyze outage events for links between user A, user B and relay l∗. The outage event between user A
and user B is
ODDF&NCA,B =
{
2J log2(1 + ρ|hA,B|
2) < 3JR
}
=
{
2
3
log2(1 + ρ|hA,B|
2) < R
}
. (16)
Clearly, ODDF&NCB,A = ODDF&NCA,B because hB,A = hA,B.
Moreover, for the outage event between relay l∗ and user A, it should be noted that relay l∗ has to decode the
message from user B with arbitrarily small error in phase 3, or it will remain silent in phase 4 since it failed to
decode the message. The outage event between relay l∗ and user A is
ODDF&NCl∗,A = E
DDF&NC
1 ∪ E
DDF&NC
l∗,A , (17)
where
EDDF&NC1 =
{
J ′B,l∗ = J
}
=
{
log2(1 + ρ|hB,l∗ |
2) <
JR
J − 1
}
(18)
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7and
EDDF&NCl∗,A =
{
(2J + J ′A,l∗ − J
′
B,l∗) log2(1 + ρ|hl∗,A|
2) < 3JR
}
=
{
2J + J ′A,l∗ − J
′
B,l∗
3J
log2(1 + ρ|hl∗,A|
2) < R
}
. (19)
Similarly, the outage event between relay l∗ and user B is
ODDF&NCl∗,B = E
DDF&NC
2 ∪ E
DDF&NC
l∗,B , (20)
where
EDDF&NC2 =
{
log2(1 + ρ|hA,l∗ |
2) <
JR
J − 1
}
(21)
and
EDDF&NCl∗,B =
{
2J + J ′B,l∗ − J
′
A,l∗
3J
log2(1 + ρ|hl∗,B|
2) < R
}
. (22)
The outage event of the overall system for RS-DDF&NC can be written as
ORS−DDF&NC = ODDF&NCA ∪O
DDF&NC
B
= (ODDF&NCB,A ∩O
DDF&NC
l∗,A ) ∪ (O
DDF&NC
A,B ∩O
DDF&NC
l∗,B )
= ODDF&NCA,B ∩ (O
DDF&NC
l∗,A ∪O
DDF&NC
l∗,B )
= ODDF&NCA,B ∩ [(E
DDF&NC
1 ∪E
DDF&NC
l∗,A ) ∪ (E
DDF&NC
2 ∪E
DDF&NC
l∗,B )]. (23)
Let Z1 = |hA,l∗ |2 and Z2 = |hB,l∗ |2, the outage probability of RS-DDF&NC can be expressed as
PRS−DDF&NCout =
∫ ∞
0
∫ ∞
0
P[ORS−DDF&NC]fZ1,Z2(z1, z2)dz1dz2. (24)
In the following, we derive the outage probability of RS-DDF&NC under Rayleigh fading scenario.
Lemma 1: Assume that channel coefficients hX,Y are i.i.d. circularly symmetric complex Gaussian random
variables with zero mean and unit variance. The joint probability density function (PDF) of Z1 and Z2 is
fZ1,Z2(z1, z2)


Le−(z1+z2)(1− e−2z1)L−1, 0 ≤ z1 ≤ z2
Le−(z1+z2)(1− e−2z2)L−1, 0 ≤ z2 ≤ z1
0, otherwise.
(25)
Proof: The proof is given in Appendix A.
The outage probability of RS-DDF&NC scheme under Rayleigh fading scenario is analyzed in the following
theorem:
Theorem 1: The outage probability of the RS-DDF&NC scheme is
PRS−DDF&NCout = p1
∫ ∞
0
∫ ∞
0
I(O)fZ1,Z2(z1, z2)dz1dz2, (26)
where
p1 = 1− exp
(
−
2
3R
2 − 1
ρ
)
, (27)
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8the event O is defined in (69), and
I(O) =


1, if O occurs
0, otherwise.
(28)
The joint PDF fZ1,Z2(z1, z2) is given in Lemma 1.
Proof: The proof is given in Appendix B.
III. RELAY SELECTION WITH ENHANCED DYNAMIC DECODE-AND-FORWARD AND NETWORK CODING
SYSTEM
A. System Model of RS-EDDF&NC
In the case of multiplexing gain r > 0.5, the source (user A) transmits an additional independent codeword
encoded by using another codebook (codebook 2) to the destination (user B) during intervals (βJ, J ], and vice versa
for intervals in (J + βJ, 2J ]. This can be achieved by employing superposition coding. In this case, codewords
encoded by using codebook 1 are transmitted at a rate R1 bps/Hz, and codewords encoded by using codebook 2
are transmitted at a rate R2 bps/Hz. These two transmission rates are determined by the EDDF protocol.
If multiplexing gain r ≤ 0.5, the EDDF scheme is identical to the DDF scheme, with the optimal solution being
rˆ1 = r and βˆ = 1, where rˆ1 is the optimal multiplexing gain corresponding to R1. The source only uses codebook
1 for transmission. In this case, the source transmits data at a rate R bps/Hz during every symbol interval in the
codeword.
The system model for the case r ≤ 0.5 has been discussed in section II. Given the same system assumptions in
the subsection II-B, we will describe the system model for each phase of RS-EDDF&NC with multiplexing gain
r < 0.5 in the following context.
B. Phase 1 and Phase 2 of RS-EDDF&NC
The first two phases (phase 1 and phase 2) of the RS-EDDF&NC is shown in Fig. 4. The best relay l∗ was
selected before the data transmission and other relays enter an idle mode. In phase 1, the source (user A) transmits
xa1 [n] to the destination (user B) and the relay l∗ also receives this signal. The received signals at the destination
(user B) and the relay l∗ during the nth symbol interval are expressed as
yB[n] = hA,Bxa1 [n] + wB[n] (29)
and
yl∗ [n] = hA,l∗xa1 [n] + wl∗ [n], (30)
respectively, for 0 < n ≤ αA,l∗J , where αA,l is defined as
αA,l ,
r1 log2(ρA,l)
log2(1 + ρA,l|hA,l|
2)
, l = 1, ..., L, (31)
where ρA,l is the SNR from user A to relay l.
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Fig. 4. Illustration of phase 1 and phase 2 for the RS-EDDF&NC scheme.
In phase 2, relay l∗ re-encodes the message by using the same codebook if the outage did not occur. Relay l∗
then cooperatively transmits the corresponding part of the codeword to the destination (user B) in the remaining
intervals. In addition, the source (user A) transmits an additional independent codeword xa2 [n] using another
codebook (codebook 2) to the destination (user B). The received signals at the destination (user B) in this phase
can be expressed as
yB[n] =


hA,Bxa1 [n] + hl∗,Bxa1 [n] + wB[n], αA,l∗J < n ≤ βJ
hA,Bxa1 [n] + hl∗,Bxa1 [n] + hA,Bxa2 [n] + wB[n], βJ < n ≤ J,
(32)
where the optimal value for β is given by Theorem 3 in [6].
C. Phase 3 and Phase 4 of RS-EDDF&NC
In phase 3, the source (user B) transmits xb1 [n] to the destination (user A), and the best relay l∗ receives this
signal. The received signals at the destination (user A) and the relay l∗ during the nth symbol interval are denoted
by yA[n] and yl∗ [n], respectively, expressed as
yA[n] = hB,Axa1 [n] + wA[n] (33)
and
yl∗ [n] = hB,l∗xb1 [n] + wl∗ [n], (34)
for J < n ≤ J + αB,l∗J , where αB,l is defined as
αB,l ,
r1 log2(ρB,l)
log2(1 + ρB,l|hB,l|
2)
, l = 1, ..., L, (35)
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Fig. 5. Illustration of phase 3 and phase 4 for the RS-EDDF&NC scheme.
where ρB,l is the SNR from user B to relay l.
In phase 4, relay l∗ re-encodes the message by using the codebook 1 and cooperatively transmits the corresponding
part of the codeword to the destination (user A) in the remaining intervals if the outage did not occur. Also, the
user B uses codebook 2 to transmit an independent codeword xb2 [n] during the interval (J +βJ, 2J ]. The received
signals at the destination (user A) in this phase can be expressed as
yA[n] =


hB,Axb1 [n] + hl∗,Axb1 [n] + wA[n], J + αB,l∗J < n ≤ J + βJ
hB,Axb1 [n] + hl∗,Axb1 [n] + hB,Axb2 [n] + wB[n], J + βJ < n ≤ 2J.
(36)
The system model of phase 3 and phase 4 for the RS-EDDF&NC is shown in Fig. 5.
D. Phase 5 of RS-EDDF&NC
In phase 5, both RS-EDDF&NC and RS-DDF&NC have the same system procedure as described in section II-E.
Relay l∗ performs exclusive-or (XOR) on the two decoded messages from user A and user B and encodes it by
using codebook 1. The received signals at user A and user B are given in (11) and (12), respectively. The system
model is shown in Fig. 3.
E. Outage Probability of RS-EDDF&NC
Following the analysis as in section II-F, the outage event for user A and user B are
OEDDF&NCA = O
EDDF&NC
B,A ∩O
EDDF&NC
l∗,A (37)
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and
OEDDF&NCB = O
EDDF&NC
A,B ∩O
EDDF&NC
l∗,B , (38)
respectively, with
OEDDF&NCA,B = O1 ∪O2 ∪O3, (39)
where
O1 =
{
2
3
log2
(
1 + ρ|hA,B|
2
)
< R1
}
, (40)
O2 =
{
2(1− β)
3
log2
(
1 + ρ|hA,B|
2
)
< R2
}
, (41)
and
O3 =
{
2β
3
log2
(
1 + ρ|hA,B|
2
)
+
2(1− β)
3
log2
(
1 + 2ρ|hA,B|
2
)
< R
}
. (42)
Here, O1 is the outage event corresponds to rate R1, O2 is the outage event corresponds to rate R2 and O3 is the
outage event corresponds to the total rate R. In addition, OEDDF&NCB,A = OEDDF&NCA,B and ρ is the effective SNR
given by (13).
Moreover, the outage event between relay l∗ and user A is
OEDDF&NCl∗,A = E
EDDF&NC
1 ∪ E
EDDF&NC
l∗,A , (43)
where
EEDDF&NC1 = {β < αB,l∗} (44)
and
EEDDF&NCl∗,A =
{
2 + αA,l∗ − αB,l∗
3
log2
(
1 + ρ|hl∗,A|
2
)
< R1
}
. (45)
Similarly, the outage event between relay l∗ and user B is
OEDDF&NCl∗,B = E
EDDF&NC
2 ∪ E
EDDF&NC
l∗,B , (46)
where
EEDDF&NC2 = {β < αA,l∗} (47)
and
EEDDF&NCl∗,B =
{
2 + αB,l∗ − αA,l∗
3
log2
(
1 + ρ|hl∗,B|
2
)
< R1
}
. (48)
The outage event of the overall system for RS-EDDF&NC can be written as
ORS−EDDF&NC = OEDDF&NCA ∪O
EDDF&NC
B
= (OEDDF&NCB,A ∩O
EDDF&NC
l∗,A ) ∪ (O
EDDF&NC
A,B ∩O
EDDF&NC
l∗,B )
= OEDDF&NCA,B ∩ (O
EDDF&NC
l∗,A ∪O
EDDF&NC
l∗,B )
= [O1 ∪O2 ∪O3] ∩ [(E
EDDF&NC
1 ∪ E
EDDF&NC
l∗,A ) ∪ (E
EDDF&NC
2 ∪ E
EDDF&NC
l∗,B )] (49)
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Let Z1 = |hA,l∗ |2 and Z2 = |hB,l∗ |2, the outage probability of RS-EDDF&NC can be expressed as
PRS−EDDF&NCout =
∫ ∞
0
∫ ∞
0
P[ORS−EDDF&NC]fZ1,Z2(z1, z2)dz1dz2. (50)
The simulation parameters are listed in Table I.
TABLE I
SIMULATION PARAMETERS
Symbol Meaning Value
J number of symbol intervals in a codeword 10
L number of relays 1, 2, 3, 4, 6, 8
R data rate 1, 2, 3, 4, 5 bps/Hz
ρ signal-to-noise ratio 1–30 dB
IV. NUMERICAL RESULTS
A. Rayleigh Fading Channel
Figs. 6–10 show comparisons of outage probability for various numbers of relays under i.i.d. Rayleigh fading
channel with different transmission rates. In this case, channel coefficients are i.i.d. circularly symmetric complex
Gaussian random variables with zero mean and unit variance, i.e., hX,Y
i.i.d.
∼ CN (0, 1). In these figures, one can see
that curves descend rapidly in specific SNR regions. These regions correspond to the multiplexing gain r ∈ (0.5, 1].
Curves in these regions are outage probabilities for RS-EDDF&NC. While multiplexing gain r /∈ (0.5, 1], RS-
EDDF&NC is identical to RS-DDF&NC. As expected, more available relays results in smaller outage probability,
and higher transmission rate causes larger outage probability.
B. Comparisons
Figs. 11–13 compare the outage probability of the RS-EDDF&NC scheme with other considered decode-and-
forward schemes under Rayleigh fading channel. Because different designs may support different data rates, in
order to compare these schemes fairly, we plot the outage probability scaled with rate-normalized SNR [17] defined
as
SNRnorm =
SNR
2R − 1
, (51)
which is normalized by the minimum SNR required to achieve spectral efficiency R. Here, all schemes adopt
the same relay selection criterion given by (1) except DDF&NC and EDDF&NC. The DDF&NC and EDDF&NC
schemes select a relay randomly. The RS-DDF scheme has the same system model in section II except the phase
5. Thus, the RS-DDF only has phases 1-4 and the whole system duration is only 2J . Similarly, the RS-EDDF also
has the same system model except the phase 5 in section III. Further, if multiplexing gain r ≤ 0.5, the RS-EDDF
scheme is identical to the RS-DDF scheme. From Fig. 11, we can see that RS-DDF and RS-EDDF outperform other
schemes that combine the network coding technique. This is due to the benefit of the network coding is degraded
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Fig. 6. Outage probabilities of RS-EDDF&NC with various numbers of relays and transmission rate R = 1 (bps/Hz) under Rayleigh fading
channel.
since the system duration of both RS-DDF&NC and RS-EDDF&NC is longer. In contrast, the network coding gain
influentially lowers the outage probability as L increases. Figs. 12–13 reveal this result. Also, we can see that the
performance loss is large if we select a relay randomly. This shows the importance of relay selection strategies.
V. CONCLUSIONS
In this paper, we investigated the performance of EDDF adopted the relay selection protocol and network coding
techniques. We analyzed the outage probabilities of RS-DDF&NC and RS-EDDF&NC and demonstrated the system
performance under Rayleigh fading channel. We further compared the RS-EDDF&NC scheme with other considered
decode-and-forward relaying schemes.
According to the results, we found that RS-DDF and RS-EDDF without network coding outperform RS-DDF&NC
and RS-EDDF&NC in a two-way network without sufficient relays. This is due to the system duration of RS-DDF
and RS-EDDF is less than RS-DDF&NC and RS-EDDF&NC. If there are sufficient relays, then the NC gain is
effective and the RS-EDDF&NC scheme outperforms all other considered decode-and-forward relaying schemes. In
addition, the performance loss is large if we select a relay at random. This shows the importance of relay selection
strategies.
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Fig. 7. Outage probabilities of RS-EDDF&NC with various numbers of relays and transmission rate R = 2 (bps/Hz) under Rayleigh fading
channel.
APPENDIX A
PROOF OF LEMMA 1
Let L be a positive integer. Let X1, . . . , XL, Y1, . . . , YL be independent and identically distributed (i.i.d.)
exponential random variables with parameter λ = 1. Then
fXl(xl) =


e−xl , xl ≥ 0,
0, otherwise.
(52)
fYl(yl) =


e−yl , yl ≥ 0,
0, otherwise.
(53)
Define
Sl = min{Xl, Yl}, Tl = max{Xl, Yl}, l = 1, . . . , L (54)
Then
fSl,Tl(sl, tl) =


2e−sl−tl , 0 ≤ sl ≤ tl,
0, otherwise.
(55)
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Fig. 8. Outage probabilities of RS-EDDF&NC with various numbers of relays and transmission rate R = 3 (bps/Hz) under Rayleigh fading
channel.
fSl(sl) =


2e−2sl , sl ≥ 0,
0, otherwise.
(56)
fTl|Sl(tl|sl) =


e−(tl−sl), tl ≥ sl,
0, otherwise.
(57)
Let
l0 = argmax
l
Sl (58)
Define
Z1 = Xl0 , Z2 = Yl0 , U = min{Z1, Z2}, V = max{Z1, Z2}. (59)
Then
U = max{S1, . . . , SL} (60)
FU (u) = P [U ≤ u] = P [S1 ≤ u] · · ·P [SL ≤ u] =


(1− e−2u)L, u ≥ 0,
0, otherwise.
(61)
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Fig. 9. Outage probabilities of RS-EDDF&NC with various numbers of relays and transmission rate R = 4 (bps/Hz) under Rayleigh fading
channel.
fU (u) =


2Le−2u(1 − e−2u)L−1, u ≥ 0,
0, otherwise.
(62)
If u ≥ v ≥ 0 then
fU,V (u, v) = fV |U (v|u)fU (u) = e
−(v−u)2Le−2u(1− e−2u)L−1 = 2Le−(u+v)(1− e−2u)L−1. (63)
We have
fU,V (u, v) =


2Le−(u+v)(1− e−2u)L−1, 0 ≤ u ≤ v,
0, otherwise.
(64)
We also have
fU,V (u, v) =


fZ1,Z2(u, v) + fZ1,Z2(v, u), 0 ≤ u ≤ v
0, otherwise,
(65)
fZ1,Z2(a, b) = fZ1,Z2(b, a). (66)
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Fig. 10. Outage probabilities of RS-EDDF&NC with various numbers of relays and transmission rate R = 5 (bps/Hz) under Rayleigh fading
channel.
Therefore,
fZ1,Z2(z1, z2) =


1
2fU,V (z1, z2) = Le
−(z1+z2)(1− e−2z1)L−1, 0 ≤ z1 ≤ z2
1
2fU,V (z2, z1) = Le
−(z1+z2)(1− e−2z2)L−1, 0 ≤ z2 ≤ z1
0, otherwise.
(67)
APPENDIX B
PROOF OF THEOREM 1
First, the probability of event ODDF&NCA,B is
P[ODDF&NCA,B ] = P
[
2
3
log2(1 + ρ|hA,B|
2) < R
]
= P
[
|hA,B|
2 <
2
3R
2 − 1
ρ
]
(a)
= 1− exp
(
−
2
3R
2 − 1
ρ
)
, p1. (68)
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Fig. 11. Comparison of outage probability for various decode-and-forward relaying schemes with number of relays L = 1 and transmission
rate R = 5 (bps/Hz) under Rayleigh fading channel.
The equality (a) holds because |hA,B|2 is an exponential random variable with rate parameter 1. Moreover,
P[(EDDF&NC1 ∪E
DDF&NC
l∗,A ) ∪ (E
DDF&NC
2 ∪E
DDF&NC
l∗,B )]
(b)
=P
[{
log2(1 + ρz2) ≤
JR
J − 1
}
∪
{
2J + J ′A,l∗ − J
′
B,l∗
3J
log2(1 + ρz1) < R
}
∪
{
log2(1 + ρz1) ≤
JR
J − 1
}
∪
{
2J + J ′B,l∗ − J
′
A,l∗
3J
log2(1 + ρz2) < R
}]
(c)
=P
[{
z2 ≤
2JR/(J−1) − 1
ρ
}]
∪
{(
2J +min
{
J,
⌈
JR
log2(1 + ρz1)
⌉}
−min
{
J,
⌈
JR
log2(1 + ρz2)
⌉})
log2(1 + ρz1) < 3JR
}
∪
{
z1 ≤
2JR/(J−1) − 1
ρ
}
∪
{(
2J +min
{
J,
⌈
JR
log2(1 + ρz2)
⌉}
−min
{
J,
⌈
JR
log2(1 + ρz1)
⌉})
log2(1 + ρz2) < 3JR
}]
,P[O], (69)
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Fig. 12. Comparison of outage probability for various decode-and-forward relaying schemes with number of relays L = 3 and transmission
rate R = 5 (bps/Hz) under Rayleigh fading channel.
where equality (b) results from (18), (19), (21), and (22). Equality (c) results from (5) and (9) with the assumption
ρA,l∗ = ρB,l∗ = ρ. Furthermore, we replace |hA,l∗ |2 by z1 and |hB,l∗ |2 by z2.
Finally, we can rewrite the outage probability given by (24) as
PRS−DDF&NCout =
∫ ∞
0
∫ ∞
0
P[ORS−DDF&NC]fZ1,Z2(z1, z2)dz1dz2
=
∫ ∞
0
∫ ∞
0
P[ODDF&NCA,B ∩O]fZ1,Z2(z1, z2)dz1dz2
(d)
=
∫ ∞
0
∫ ∞
0
P[ODDF&NCA,B ]P[O]fZ1,Z2(z1, z2)dz1dz2
= p1
∫ ∞
0
∫ ∞
0
I(O)fZ1,Z2(z1, z2)dz1dz2, (70)
where equality (d) holds because events ODDF&NCA,B and O are independent.
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